We propose a simple formula that gives the effective refractive index of the first-order photonic bandgap (PBG) edge for the maximum propagation angle, which corresponds to the PBG floor in all-solid photonic bandgap fibers (PBGFs). In particular, based on an antiresonant reflecting optical waveguide (ARROW) theory incorporating a phase relation between resonant modes in low-index regions for perpendicular direction of the light propagation, we show that the effective index of the PBG edge at a wavelength does not depend on the diameter and refractive index of high-index rods, and is largely determined only by the pitch when normalized rod diameters are small. In other words, it has a constant value for the structural parameters with which the PBG emerges at the same wavelength normalized by the pitch. Moreover, the source of rod-diameter and refractive-index dependences on the condition for the formation of the PBG edge is demonstrated when the diameter and the refractive index of high-index rods are effectively large. Finally, the validity of the proposed simple formula, which can be applied for any structural parameters, is verified with the vectorial solver based on the finite-element method (FEM).
INTRODUCTION
Recently, all-solid photonic bandgap fibers (PBGFs) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , which are one of the types of solid-core PBGFs, have attracted considerable attention due to their unusual transmission characteristics that cannot be obtained by conventional optical fibers. In all-solid PBGFs, the cladding is composed of periodically arranged high-index rods and the core is formed by omitting one or several rods. Owing to the photonic bandgap (PBG) effect of the photonic-crystal structure for light with out-of-plane propagation, a fundamental core mode is supported in the defected core region with effectively low losses. Because of the functionality pattern of alternate transmission and transmission-inhibited bands exhibited by the photoniccrystal cladding, the PBGFs can be applied to several devices. In particular, compared to the other type of solid-core PBGFs whose high-index rods are composed of high-index liquid [14] [15] [16] [17] [18] , because of its higher degree of compatibility with all-glass conventional fibers, the all-solid type whose cladding is composed of Ge-doped rods in silica can easily be incorporated into fiber amplifiers or fiber lasers as fiber-type optical filters.
The photonic-crystal structure in the cladding of all-solid PBGFs generates a number of PBG orders separated by photonic bands associated with linearly polarized (LP) rod modes [19] , as will also be discussed in the next section. It is known that, in general, odd-order PBGs have a greater PBG depth compared to the even-order PBGs, because of their smaller modal overlap characteristic that reduces the effect of enlargement of bandwidth on the PBG edge, according to Ref. [20] . Among all of the odd-order PBGs, the third-order PBG supports a lower confinement loss property than the first-order PBG [5] because the propagation angle for the core modes is lower in the third-order PBG; in other words, the core radius relative to the wavelength is larger in most cases. However, we have recently shown that the first-order PBG exhibits a lower bending loss property than the third-order PBG [21] , and the exploitation of the first-order PBG has also attracted attention in recent years, by resolving the issue of the high confinement loss property [22] .
In order to understand the properties of all-solid PBGFs, an important objective has been construction of a theory for the wavelength and propagation constant (propagation angle) of light with out-of-plane propagation at which a PBG emerges [23] , because the wavelength is directly related to the transmission band, and the propagation constant to the number of allowed propagation modes [24, 25] and the impact of bending losses [20, 21, 26] . When the PBG depth, defined as the difference between the effective indices of silica and the PBG edge, increases, a large number of guided modes are to be supported and, on the other hand, this also leads to a tightbending structure if the effective index of the core mode is constant [27] . As for the transmission band, it can successfully be estimated by using the theory for conventional antiresonant reflecting optical waveguides (ARROWs) [28] [29] [30] [31] [32] . Provided that each high-index rod in the cladding is considered as a core of conventional fibers, the condition at which guided modes are localized in rods corresponds to resonance for the transverse direction, and the other condition (when the guided modes are nonlocalized) is antiresonance or PBG. Although some degree of modification of the ARROW theory is required due to the modal overlaps between the modes supported by each highindex rod [19] , because of their high localization characteristic at the effective index where the fundamental core mode of the PBGFs exists (near the refractive index of silica substrate), the effect of the modal overlap on the wavelength shift of the transmission band is effectively small. As for the propagation constant (effective refractive index), it is known that the PBG edge for the maximum propagation angle is determined by the resonant condition in the low-index region between rods [33] , as in ARROWs [29] . However, because of the low localization characteristic of the modes supported in low-index regions between high-index rods, it is difficult to estimate the PBG edge by using the ARROW theory. Recently, it has been shown that an approximate band structure can be obtained successfully by considering the condition for the even and odd rod modes applying an appropriate boundary condition [33] .
In this paper, we propose a simple formula that gives the effective refractive index of the first-order PBG edge for the maximum propagation angle, which corresponds to the PBG floor in all-solid PBGFs, based on an ARROW theory incorporating a phase relation between resonant modes in lowindex regions. We show that the effective index of the PBG edge at a wavelength does not depend on the diameter and the refractive index of high-index rods, and it is comprehensively determined only by the pitch when normalized rod diameters are small. In other words, it has a constant value for the structural parameters with which the PBG emerges at the same wavelength normalized by the pitch. By incorporating the ARROW theory for high-index rods, it is theoretically shown that the PBG depth increases monotonically with the relative refractive-index difference and quadratically with the rod diameter normalized by the pitch. Moreover, the cause of rod-diameter and refractive-index dependences on the condition for the formation of the PBG edge is demonstrated when the diameter and the refractive index of high-index rods are large. It is shown that the change of the absolute value of wave vector for the resonant modes in low-index regions and the effect of modal overlap of rod modes are responsible for the factor of reduction of PBG depth. The validity of the proposed simple formula that can be applied for any structural parameters is verified by means of the vectorial solver based on the finite-element method (FEM) [34] . Finally, a critical reason for decreasing the PBG depth in even-order PBGs is discussed, based on the theory provided here. Figure 1 (a) shows a schematic representation of the light propagation out of plane into a photonic crystal, assuming the cladding of a typical all-solid PBGF. The photonic-crystal structure is composed of a periodic arrangement of high-index rods (with refractive index n high ) as the triangular lattice with diameter d and pitch Λ in a silica background (with refractive index n low ¼ 1:45). In PBGFs, because light propagates along the longitudinal direction (out-of-plane propagation), it possesses the longitudinal component of wave vector (propagation constant). Because the wave equations for electromagnetic fields have a dependence on the propagation constant, the resultant frequencies of the PBG for the perpendicular direction of the propagation axis also depend on the propagation constant [23] . Here, we consider an incident light to the photonic crystal with the absolute value of wave vector of k in the material and propagation constant of β. The transverse component of the wave vector is represented as k t .
UNDERSTANDING FORMATION OF PHOTONIC BANDGAP EDGE FOR MAXIMUM PROPAGATION ANGLE
In Fig. 1(b) , the dispersion curve for the fundamental-like mode calculated by using the FEM [35] is depicted for d=Λ ¼ 0:4 and the relative refractive-index difference Δ ¼ 2:0%, where the core is formed by removing one central rod with the cladding of six rings and λ represents the wavelength in free space. The shaded region represents the PBGs formed due to the periodically arranged high-index rods, which is also calculated by using the FEM [34] . The PBG depth is defined as the effective-index difference between silica and the PBG edge. It is well known that in the case of out-of-plane propagation, PBGs are generated sufficiently for the index difference of even less than 1% [3] , and the reason for this can be intuitively understood from the discussion in Ref. [36] . According to the concept based on the theory for ARROWs, on the other hand, modes of high-index rods exhibit LP-like profiles at resonant conditions in the photonic crystal, which correspond to the wavelengths at which PBGs disappear. If high-index rods are far enough from the others, the cladding state is not much different from the sum of the modes for each isolated rod. However, when the neighbor rods come close, the modes are affected by them, which leads to the formation of Bloch states. Therefore, the concept of the ARROW theory corresponds to the case for the isolated atom in the wellknown tight-binding theory in solid-state physics [37] . In conclusion, the states satisfy the continuous effective-index values near those for isolated rod modes and the width of the bands is proportional to the overlaps of the isolated rod modes. Accordingly, photonic bands that reside between PBGs are associated with LP 0m or LP 1m rod modes because of the large overlap for these modes, while LP 2m (which nearly coincides with LP 0m mode), LP 3m , and LP 4m modes of rods (which occur between LP 0m and LP 1m modes) only get across the PBGs without spreading in width, despite the fact that the index-guiding rod modes already satisfy the cutoff condition below the silica line [19] , where m is a nonnegative integer. In Fig. 1(b) , the band between the first-and second-order PBGs is formed by LP 11 rod modes, and it can be seen that the edge that determines the first-order PBG becomes flat by changing the slope below the silica line. In terms of the band theory, this can be understood by the fact that the degenerate Γ, M, and K states are transformed into the M state absolutely below the silica line, where Γ, M, and K represent the high symmetry points in the Brillouin zone boundary in reciprocal lattice space for the two-dimensional triangular lattice shown in Fig. 2 (a) and expressed as ðk x ; k y Þ ¼ ð0; 0Þ at Γ point, ðk x ; k y Þ ¼ ðπ=Λ; −π= ffiffi ffi 3 p ΛÞ at M point, and ðk x ; k y Þ ¼ ð4π=3Λ; 0Þ at K point. In terms of the ARROW theory, on the other hand, it can be explained by the fact that the resonant condition in high-index rods is replaced with that in lowindex regions between the rods below the silica line. This fact means that in order to take into account the resonant feature in the cladding more precisely, consideration of the resonant condition for the low-index material is also required. It is noted that, although the resonant condition in high-index rods is the result of total internal reflection, the other condition is related to antiresonance in rods. However, due to the low localization characteristic of the bound mode supported between the high-index rods, it has not been possible to estimate the PBG edge easily by using the ARROW theory for low-index regions. Here we derive an efficient method based on an ARROW theory, by incorporating a phase relation between the resonant modes in low-index regions for the firstorder PBG.
In. Fig. 2(b) , one of the transverse electric field components (E x ) of the Bloch state that determines the floor of the firstorder PBG is depicted for the structure with d=Λ ¼ 0:4 and Δ ¼ 2:0%. According to the Bloch theorem and ARROW theory, and by analogy to the tight-binding theory, E x concerning the resonant modes in low-index regions must satisfy the following equation [37, 38] 
where r stands for the position vector, R for the translation vector, and k ⊥ for the in-plane Bloch wave vector corresponding to the Brillouin zone boundary. Therefore, a phase shift of one resonant mode from another is related to k ⊥ · R. For example, since the state shown in Fig. 2(b) is related to M point, the phase shift between the nearest neighbor resonant modes is π. In conventional waveguide couplers with multiple cores, it is known that the effective index for the even state is higher than that for the odd state in general. It is noted that if the state shown in Fig. 2(b) is considered as the mode for the ARROWtype coupler, the effective index for the odd state is higher than that for the even one, contrary to the case for conventional waveguides. This is due to the symmetry of the LP mode bound in high-index rods. Because the LP 11 rod mode is the antisymmetrical mode in rods, the resultant state for the lowindex regions, which is responsible for the state at the PBG edge, becomes odd when the antisymmetrical mode in rods forms the even state. Here we assume that the Bloch state for the transverse cross section is a two-dimensional standing wave and the transverse wave vector component satisfies
, where k 0 is the wavenumber in free space and n edge represents the effective refractive index of the edge corresponding to the PBG floor. The parameter n 0 low corresponds to an equivalent refractive index of the cladding material in which high-index inclusions are embedded in the low-index region periodically. Although the material forming the photonic crystal is inhomogeneous, the average equivalent index can be efficiently defined, as given in the next section. It is noted that, according to the state shown in Fig. 2(b) , k t must be equal to the absolute value of the fundamental reciprocal lattice vector for the triangular lattice with the pitch of 2Λ which the wave forms in transverse direction, because the reciprocal lattice is defined as a set of particular wave vectors composed of plane waves whose periodicity is the same as Bravais lattice, forming a periodic lattice [37] . Therefore, because of the relation k t ¼ 2π= ffiffi ffi 3 p Λ, n edge satisfies the following simple equation:
Here, we take into account the fact that k ≈ n low × k 0 (therefore, n 0 low ≈ n low ) when the values of d=Λ and Δ are small (in particular, d=Λ < 0:3), because the cladding material can approximately be considered as the homogeneous silica material and the condition considered is the resonant state in the low-index background between high-index rods. It is worth noting that Eq. (2) does not include any structural parameters of rods (d and Δ) except for Λ. In contrast to the ARROW theory for high-index rods, where the transmission band in λ is largely determined by d and Δ while not depending on Λ [30] , this implies that n edge at λ does not depend on d and Δ, but it is largely determined only by Λ when d=Λ and Δ are small. In other words, it has a constant value for the structural parameters for which the PBG emerges at the same λ=Λ. In order to confirm this, PBG edges as a function of λ=Λ calculated by the FEM and Eq. (2) are shown in Fig. 3 for d=Λ ¼ 0:207 and Δ ¼ 1:48%, and d=Λ ¼ 0:255 and Δ ¼ 1:0%. The structural parameters are chosen as d=Λ× ðn 2 high − n 2 low Þ 1=2 , being constant in order to compare the PBG edges emerging at the same λ=Λ, in accordance with the ARROW theory for high-index rods [which can be explained with the aid of Eq. (4)] [21] . Both of them agree fairly well, and we can see the validity of the proposed formula. Moreover, from Eq. (2), the PBG depth as a function of the structural parameters of the cladding can be derived by replacing λ into the structural parameters by using the ARROW theory for high-index rods
where V represents the normalized frequency and is defined for high-index rods as follows:
In Eq. (3), since high-index rods are realized by Ge doping in silica for all-solid structures, we assumed that Δ is small. From the equation derived here, we note that the PBG depth increases monotonically with Δ and quadratically with d=Λ. Recently, it has been reported that high-Δ all-solid PBGFs can be realized by making use of tellurite glass as the highindex rods [39] . In order to see the validity of the proposed formula for such a case, the effective index of the PBG edges as a function of λ=Λ calculated by the FEM and Eq. (2) is presented in Fig. 4 for the structural parameters d=Λ ¼ 0:17 and Δ ¼ 25:7%. Because of the small value of d=Λ, it is observed that the result obtained by Eq. (2) clearly agrees well with that by the FEM. 
SPECIFYING FACTORS OF REDUCING PHOTONIC BANDGAP DEPTH
In the previous section, we assumed that high-index inclusions embedded in the low-index material do not have an effect on the equivalent refractive index of the material when the value of d=Λ is small because the resonant condition in the low-index background was considered. When the value of d=Λ is increased (d=Λ ≥ 0:3), however, the effect of highindex rods on the resonant modes in low-index regions is inevitable due to the fact that each high-index rod approaches the center of the low-index region in this case. As discussed below, because the effect is one of the factors for increasing the value of n edge (accordingly reducing the PBG depth) with increasing d=Λ, the theory provided in Sect. 2 should be revised slightly in order to incorporate the impact of high-index rods on the equivalent refractive index of the material. In Fig. 5 , we show the normalized wavelength dependence of PBG edges for d=Λ ¼ 0:4 and Δ ¼ 2:0% calculated by the FEM and the predicted result by Eq. (2). The actual edge corresponding to the PBG floor calculated by the FEM shifts upward when compared to the prediction presented in Eq. (2), where the effect of high-index rods on the equivalent refractive index of the material is ignored. This indicates that the approximation n 0 low ≈ n low applied above is not appropriate for structures with large d=Λ and, more precisely, n 0 low should be given as the square root of the average relative permittivity weighted by the electric field intensity (jEj 2 ) as follows:
Although this concept is useful when the length scale of the variation of the field is larger as compared to that of the inhomogeneities, it would explain the phenomenon approximately in our system. Because the refractive indices are constant in each homogeneous material, the formula in Eq. (5) can be expressed as
where I is the modal overlap integral in the high-index rods normalized by that in the cross section
According to the discussion above, the enlargement of the equivalent refractive index of the cladding material for the Bloch state is due to the penetration of light for the resonant modes bound in low-index regions into high-index rods. Therefore, the effective index of the edge corresponding to the PBG floor is given by the following equation for any structural parameters:
Here, we approximate the Bloch state corresponding to M point (the state shown in Fig. 4b of Ref. [38] or Fig. 2(b) shown above) by the simple cosine function. In this case, the value of I can be obtained efficiently:
In Fig. 6 , we show the normalized wavelength dependence of PBG edges calculated by the FEM and the results obtained by Eq. (8), for d=Λ ¼ 0:4 and Δ ¼ 2:0% in (a), d=Λ ¼ 0:5 and Δ ¼ 3:0% in (b), and d=Λ ¼ 0:6 and Δ ¼ 2:0% in (c). We can clearly see the validity of the proposed formula, taking into account the factor associated with the penetration of light into rods. We note that a small amount of the discrepancy of the result from that obtained by the FEM is due to the approximation applied to obtain I by using Eq. (9), where the Bloch state was assumed to be the simple cosine function. In fact, we confirmed that the result agrees fairly well with the FEM result if the value of I in Eq. (7) is calculated by using the modal solver.
Once the equation for the effective index of the PBG edge as a function of wavelength is derived, it is possible to derive the relationship of the PBG edge or PBG depth between any actual structural parameters by applying the ARROW theory for high-index rods. By substituting Eq. (4) into Eq. (8), the following relation can be obtained:
According to the ARROW theory for high-index rods expressed in Eq. (4), the condition that V ¼ 1:6 is sufficiently included in the first-order PBG in frequency, because the edge of the PBG for the highest frequency is V ≈ 2:4, corresponding to the cut-off frequency of LP 11 mode in conventional fibers. In order to see the relationship of the PBG depth between actual structural parameters, we show the PBG depth (¼ n low − n edge ) as a function of Δ for d=Λ ¼ 0:2, 0.3, and 0.4, and as a function of d=Λ for Δ ¼ 0:8% and 2.0% in Figs. 7(a) and 7(b), respectively, where V is fixed as 1.6. As a reference, the results obtained by using the FEM are also depicted. We can see the quadratic increase of the PBG depth with increasing d=Λ for each Δ when d=Λ is small, as well as the monotonic increase with increasing Δ for each d=Λ. In Fig. 7(b) , when d=Λ is increased, the slope of the PBG depth decreases. This means that the enlargement in the effect of high-index rods on the wavenumber in the cladding material is one of the factors for increasing the value of n edge (accordingly reducing the PBG depth) with increasing d=Λ. It is worth noting that this effect is interpreted as penetration of a small amount of light for the resonant modes bound in low-index regions into high-index rods. In Figs. 8(a) and 8(b) , we also show the PBG depth as a function of Δ for d=Λ ¼ 0:2, 0.3, and 0.4, and that as a function of d=Λ for Δ ¼ 0:8% and 2.0% at the midgap wavelength, for the results by the FEM and the proposed formula by Eq. (10). In order to derive the value of V at the midgap wavelength for the results by the proposed formula, because it should not be acquired by using numerical simulations, we used the analytical formula obtained by the following expressions [33] 
where J 0 , J 1 , and J 2 are Bessel functions, V 01 is the value of V corresponding to the lowest frequency for the first-order PBG on the silica line determined by the LP 01 rod modes, V 11 is the value corresponding to the highest frequency determined by the LP 11 rod modes, and f is the filling fraction of high-index rods in the low-index background for the triangular lattice structure defined in Ref. [33] . According to Eqs. (11) and (12), the value of V c that corresponds to the midgap wavelength is derived as follows: (2) is also shown in which the refractive index of the cladding material is assumed to be n low (depicted as dotted curve). Although the actual V c is not in accordance with the value obtained by Eq. (13) in a precise sense, it is found that a qualitative agreement can be obtained between the formula and the FEM results. In Fig. 8(b) , when the exploitation of the midgap wavelength is considered, not only does the slope of the PBG edge decrease, but the value itself is also reduced for increasing d=Λ. This is because, due to the blue shift of V 01 for the structures with a large value of d=Λ, the reduction of PBG depth caused by the effect of high-index rods explained above is strongly incurred at the midgap wavelength. Again, it is noted that the discrepancy of the results in Figs. 7 and 8 is due to the approximation applied to obtain I by using Eq. (9), as mentioned above. Moreover, we also note that the values obtained by using the FEM are always slightly smaller than those from the proposed formula in Figs. 7 and 8, which occurs even if the discrepancy induced by the approximation is ignored. By considering the deviation in the results, the other factors of reducing the PBG depth (increasing n edge ) are successfully identified, although a small amount of the deviation in Fig. 8 is due to the discrepancy of given V c between the FEM and the approximation calculated by Eq. (13) . In particular, for the structures with a larger value of d=Λ, the deviation becomes larger. The reason for this is related to the fact that the width of the photonic band formed by the LP 11 rod modes increases when d=Λ has a large value. If we look at Fig. 6 again, although the edge provided by the proposed formula agrees to some extent with that by the FEM over the entire wavelength range, the result obtained by the proposed formula deviates from that calculated by the FEM slightly at the condition of changing the slope of the edge (near the blue edge of the PBG) which is explained in the previous section. It is also found that another factor concerning the reduction of the PBG depth is operating when d=Λ has a small value (d=Λ ≈ 0:1).
Although finding the physics underlying this observation is challenging, at this time we have found that it is related to the effect of the formation of the edge for the second-order PBG on the first-order one. We are now in the process of investigating the cause and the impact on the fiber properties. The detailed discussion will be presented elsewhere. Finally, we would like to comment on the application of the theory to the other PBGs. Although the Bloch state at the edge corresponding to the PBG floor and, therefore, k t , is different for each PBG, an intuitive understanding can be obtained by the discussion provided here. In particular, there is a room for considering the reason for the formation of the shallow PBG for the even-order ones; in Ref. [20] , it was shown to be due to the differing impact of the modal overlap for the LP modes bound in high-index rods between the even-and odd-order PBGs. However, because the edge concerning the PBG floor is related to resonance in low-index regions [33] , according to the theory provided here, another reason must also exist for this, in addition to that shown in [20] . Figure 9 shows the Bloch state at the edge corresponding to the floor of the second-order PBG at the midgap wavelength for d=Λ ¼ 0:2 and Δ ¼ 1:0%. Because the state is related to Γ point shown in Fig. 2(a) , the phase shift between the nearest neighbor resonant modes is 0. Again, from the point of view of the ARROW- Fig. 2(a) . The value of n edge ¼ 1:449916, which is very close to the refractive index of silica (n low ¼ 1:45).
type coupler, because the band which determines the edge is LP 02 mode (symmetrical mode) bound in high-index rods, the effective index for the even state confined in low-index regions is higher than that for the odd state. According to an analogy with Eq. (8) , when the effect of high-index rods on the wavenumber in the cladding material is small (in other words, the value of d=Λ and Δ is small) and, therefore, n 0 low ≈ n low , the value of n edge would show an asymptotic convergence to a nearly equal value of n low for the second-order PBG. This is because; as deduced from Fig. 9 where the material along which light propagates can be considered to be homogeneous for the transverse direction with the refractive index of n low and accordingly k ≈ n low × k 0 ≈ β, the factor responsible for decreasing the value of n edge in Eq. (8) or Eq. (2), which has a relation with k t =k 0 , must be smaller as compared to the case in the firstorder PBG. In fact, the value of n edge at the state shown in Fig. 9 (the case that the effect of high-index rods is small) is about 1.449916, which is very close to the refractive index of silica (n low ¼ 1:45). Moreover, a part of this effect can also be seen in Figs. 7(b) and 8(b) at d=Λ ≈ 0:1 for the result by using the FEM, where the actual edge of the first-order PBG is determined by the condition of the second-order PBG as mentioned above. It is observed that the depth shown by the dashed curves clearly goes to 0 for the structure with a small value of d=Λ in the figures. Even when the effect of high-index rods increases and, therefore, the value of k 0 at which the PBG emerges decreases, however, k t =k 0 itself would still have a small value. In conclusion, because the LP modes bound in high-index rods are symmetrical for the even-order PBGs, the factor responsible for decreasing the value of n edge or increasing the PBG depth becomes smaller when compared to the case in the odd-order PBGs, where the LP rod modes are antisymmetrical.
CONCLUSIONS
In this paper, we proposed a simple formula that gives the effective refractive index of the first-order PBG edge for the maximum propagation angle, which corresponds to the PBG floor in all-solid PBGFs, based on an ARROW theory incorporating a phase relation between the resonant modes in low-index regions. We have shown that the effective index of the PBG edge has a constant value for the structural parameters with which the PBG emerges at the same wavelength normalized by the pitch when normalized rod diameters are small. By incorporating the ARROW theory for high-index rods, it has been theoretically shown that the PBG depth exhibits a monotonic increase with the relative refractive index difference for rods and quadratic increase with the rod diameter normalized by the pitch. In addition, the cause of the reduction of the PBG depth with increasing the rod diameter normalized by the pitch and the refractive-index difference has been successfully found. We have shown that the change of the wavenumber for the resonant modes bound in lowindex regions due to the small amount of penetration of the light into high-index rods is the critical factor that is responsible for the reduction of the PBG depth. Moreover, it has been shown that the effect of the enlargement of the photonic-band width due to the modal overlap of rod modes is also the major factor for reducing the PBG depth. The validity of the proposed simple formula, which can be applied for any structural parameters, has been verified by using the vectorial solver based on the FEM. Finally, the critical reason for decreasing the PBG depth in even-order PBGs has been discussed based on the theory provided here.
